Abstract The objective of this paper is to develop an efficient analytical method for assessing the vulnerability of low-rise reinforced concrete buildings subjected to seismically induced slow-moving earth slides. Vulnerability is defined in terms of probabilistic fragility curves, which describe the probability of exceeding a certain limit state of the building, on a given slope, versus the Peak Horizontal Ground Acceleration (PHGA) at the assumed "seismic bedrock", allowing for the quantification of various sources of uncertainty. The proposed method is based on a two-step, uncoupled approach. In the first step, the differential permanent landslide displacements at the building's foundation level are estimated using a dynamic non-linear finite difference slope model. In the second step, the calculated differential permanent displacements are statically imposed at the foundation level to assess the building's response to differing permanent seismic ground displacements using a finite element code. Structural limit states are defined in terms of threshold values of strains for the reinforced concrete structural components. The method is applied to typical low-rise reinforced concrete frame buildings on shallow foundations with varying strength and stiffness characteristics (isolated footings and continuous slab foundation), standing near the crest of a relatively slow-moving earth slide. Two different slope models are selected representing a cohesive and a purely frictional soil material. The paper describes the method and the derived fragility curves for the selected building and slope typologies that could be used in quantitative risk assessment studies at site-specific and local scales.
Introduction
Seismically triggered landslides are one of the most devastating natural hazards associated with earthquakes, as they may result in significant direct and indirect losses to the people and built environment in mountainous areas. When destructive landslides do occur, they may account for a significant proportion of the total earthquake damage and quite often are the primary cause of damage in the affected areas, overshadowing any initial damage that might have caused due to ground shaking (Bird and Bommer 2004) . A recent example is the 2008 Wenchuan earthquake (Ms=8) in China, which triggered more than 15,000 landslides of various types covering an area of 50,000 km 2 , causing about 20,000 fatalities and enormous economic loss (Yin et al. 2009 ). Predicting the expected degree of damage to affected built structures subjected to earthquake-induced landslides is thus important for design, urban planning, and for seismic and landslide risk assessment and mitigation studies.
From a natural and engineering science perspective, physical vulnerability may be defined as the degree of loss, in terms of percentage of structural damage, to a given element or set of elements subjected to a landslide event of a given type and intensity (Glade 2003) . The assessment of physical (technical) vulnerability is a key stage in the quantitative evaluation of landslide risk. While there has been extensive research into quantifying landslide hazards, research into consequences and vulnerability has been limited and remains in its infancy (e.g. Dai et al. 2002; Cascini et al. 2005; Van Westen et al. 2006; Mavrouli and Corominas 2010) . A major constraint is the scarcity of accurate and reliable data on the degree of damage to various elements at risk affected by different landslide hazards. There is no unique vulnerability value for the exposed elements. Depending on the potential consequences, vulnerability should be estimated with respect to the structural properties of exposed elements (e.g. typology, construction quality, foundation type, state of maintenance and use) and to the mechanism and magnitude of the landslide processes. The geographic location of the exposed building or infrastructure in relation to the unstable slope (e.g. crest, base, etc) is also an additional important factor. For instance, buildings subject to the same landslide event may have different vulnerability indices owing to their differing structural characteristics (e.g. geometry, strength and stiffness). Furthermore, buildings with exactly the same typological and structural properties may suffer less or more damage, depending on the landslide mechanism and their location with respect to the sliding zone.
There is no unified and simple method to quantify vulnerability from different landslide hazards (Glade 2003) . Methods are usually classified with regard to the landslide type, the element at risk and the scale of analysis. However, focusing in particular on earth slides, most of the existing methods resort to expert judgment and empirical data and hence are applicable principally to studies at regional and local scales. Very few models are available in the literature to quantify the vulnerability of structures affected by earth slides using analytical relationships and numerical simulations, with potential application from site-specific to local scale. Such models may allow the study, in controlled conditions, of the structure's behavior with respect to the different types of landslide, considering the influence of the triggering mechanism. The following is an overview of the available procedures found in the literature for quantitatively assessing vulnerability of buildings to earth slides. Leone et al. (1996) introduced vulnerability matrices that correlate, in terms of vulnerability, the exposed elements to the characteristics of landslides, using empirical data and judgment. Heinimann (1999) attributed vulnerability values to buildings by considering different structural typologies and different magnitudes of the landslide processes. A few years later, the Australian Geological Survey Organization (AGSO 2001) proposed fixed vulnerability values for buildings subjected to landslides. More recently, Galli and Guzzetti (2007) used historical damage data to buildings and roads in Umbria caused by slow-moving slides and slide-earth flows to establish a correlation between landslide area and vulnerability to landslides. Remondo et al. (2008) made a detailed inventory of exposed
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buildings in a study area in northern Spain to assess landslide vulnerability. Vulnerability values (0-1) were obtained by comparing damage experienced in the past by each type of building with its actual monetary value. The derived vulnerability values express the degree of potential monetary loss with respect to the total value of the element. Zêzere et al. (2008) estimated the vulnerability of buildings at a regional/local scale to different landslide hazards, based on empirical or historic data, in conjunction with available data on buildings concerning their age (state of maintenance), construction material and function. Uzielli et al. (2008) developed a method for scenario-based, quantitative estimation of physical vulnerability of structures to landslides based on expert judgment and empirical data. Vulnerability was defined quantitatively as a function of landslide intensity and the susceptibility of vulnerable elements to damage. The method allowed explicit consideration of the uncertainties in the parameters and models. Kaynia et al. (2008) explored the applicability of this method, based on the first-order second-moment (FOSM) approach, to estimate landslide risks at a regional scale. Li et al. (2010) based on the work of Uzielli et al. (2008) and Kaynia et al. (2008) suggested a quantitative model for vulnerability of buildings based on landslide intensity and resistance of exposed elements. Different approaches were followed for slow-moving and rapid slides.
An interesting approach to the quantification of building vulnerability to landslides is made by Negulescu and Foerster (2010) . The authors proposed an analytical method to estimate the vulnerability of reinforced concrete (RC) buildings to differential settlement due to different landslide hazards. Fragility curves as a function of differential displacement were constructed through a series of numerical parametric analyses of a reference structure. The proposed approach, although it is a crucial step in the estimation of landslide vulnerability using straightforward analytical simulations, focuses solely on the analysis of the building response to assess the settlement-induced damage to buildings. Important factors such as the landslide type, the triggering mechanism, the soil and landslide properties, the foundation type, the relative location of the building in relation to the potential unstable slope and the corresponding uncertainties associated with them are not considered in the analysis.
The HAZUS (NIBS 2004) multi-hazard loss estimation method is one of the few available practical tools to tackle the problem of estimating physical vulnerability of buildings affected by earthquaketriggered landslides. The building damage is estimated using simplified fragility curves that relate the permanent ground displacement to the probability of exceeding a certain damage state. Different fragility curves that distinguish between ground failure due to lateral spreading and ground failure due to ground settlement and between shallow and deep foundations were proposed considering a single extensive/complete damage state. However, this method, which uses expert judgment, involves a high degree of subjectivity and simplification, as it does not take account various landslide types and mechanisms, soil type, building typology, foundation stiffness, or different damage states. Among the main sources of uncertainty is the estimation of permanent ground displacement, while differential displacement, depending on the typology of the structure and the foundation that is the crucial parameter, is practically ignored.
In this study, we propose an analytical procedure to assess the vulnerability of RC structures to earthquake-induced landslide displacements that avoids the above shortcomings. The vulnerability is described in terms of probabilistic fragility curves (Fig. 1 ), which describe the probability (P i ) of exceeding each limit state (LS i ) of a specific element at risk (i.e. an RC building) on a given slope, versus the peak horizontal ground acceleration (PHGA) at the assumed "seismic bedrock", allowing for the quantification of various sources of uncertainty.
In the following sections, we describe the proposed methodological framework using a simplified case study. In terms of numerical computations, a two-step uncoupled analysis is performed. In the first step, we assess the deformation demand, i.e. total and differential displacements, considering the actual stiffness of the building and its foundation, due to the landslide hazard, using an adequate non-linear finite-difference dynamic slope model. The computed residual horizontal slope displacements are compared with the conventional analytical Newmark method and a more recent semi-empirical model. In the second step, we estimate the building response to the statically imposed landslide differential displacement using a non-linear finite-element structural model. Finally, we present the analytical procedure to develop fragility functions that can be used to quantitatively evaluate the structural vulnerability, in landslide-risk analyses, of specific RC building typologies and soil conditions.
Conceptual basis of the method
The proposed method, largely inspired from earthquake risk analysis, is applicable for the vulnerability assessment of low-rise frame RC buildings affected by earthquake-induced relatively slow-moving earth slides. It is based on a comprehensive set of numerical computations and adequate statistical analysis. In terms of numerical simulation, a two-step uncoupled analysis is conducted. In the first step, we perform a nonlinear Soil-FoundationInteraction analysis using FLAC2D (Itasca 2008) finite difference code. In the models, slopes are subjected to several selected ground motions at their base to estimate the differential permanent displacements at the building's foundation level. Soil properties are selected to consider modulus degradation with shear strains, initial shear stresses and other parameters involved in the dynamic analysis (Ishihara 1996; Pitilakis 2010) . We then assess the building's response for different statically applied differential displacements induced by the earthquake triggered landslide. The previously computed differential displacements are directly applied as input static loads to an appropriate building nonlinear model at the foundation level. The numerical non-linear static analysis of the building is performed through the fibre-based finite element code SeismoStruct (Seismosoft 2010) . The complex issue of combined damage to the building by ground shaking and ground failure due to landsliding is not taken into account in the evaluation of the building's vulnerability, which is assessed only for the effect of the permanent co-seismic displacement. In other words, we assume that the building is designed to resist even severe ground shaking in accord with modern seismic codes and consequently no initial damage to the building's structural members (e.g. in terms of stiffness and strength degradation) occurs due to ground shaking.
Appropriate limit states are defined in terms of threshold values of the building's material strain, based on engineering judgment and the associated work of Crowley et al. (2004); Bird et al. (2005) and Negulescu and Foerster (2010) . Different limit strains are adopted for "low code"-and "high code"-designed structures.
The fragility curves are estimated in terms of peak horizontal ground acceleration (PHGA) at the "seismic bedrock", versus the probability of exceedance of each limit state, considering various sources of uncertainty. The selection of the PHGA against the differential displacement value is a key point of the present method. It is selected because it is the main parameter of all seismic hazard methodologies. In that way, local soil conditions, surface geology, soil and topographic amplification are directly included in the analysis. This approach is consistent with the modern seismic hazard assessment methods applied in the most recent approaches (see SHARE, http://www.share-eu.org/ and OpenQuake, http://openquake.org/). Figure 2 illustrates the framework of the method. The "capacity" of each building is defined by the building classification (foundation and superstructure type, geometry and material strength), while the "demand" is described in terms of induced permanent ground deformation (slow-moving landslide), depending on the landslide type, soil conditions and the location of the building relative to the potential unstable slope. It is noted that the soil-foundation relative stiffness may also control in a certain degree the deformation demand for the building (e.g. for the case of a stiff foundation resting on soft soil material). Thus, the soil- foundation compliance and the geometric constraints imposed by the rigidity of the foundation system, as well as its potential slippage and/or detachment with respect to the underlying soil, may modify the free-field displacement pattern, modifying the deformation demand for the structure. These two components, i.e. building capacity and deformation demand, can be considered as inputs to the simulation engine, which is the third major component, providing the method for structural assessment. Structural response data obtained by analyzing building capacity under deformation demand is processed to generate fragility curves. Limit states, which are determined with respect to the building classification and structural characteristics, selected empirical criteria and expert judgment, are required at this step. The final step is the construction of the analytical fragility relationships.
Further discussion on the conceptual features of the proposed methodological framework is highlighted as follows.
The landslide type (rock fall, debris flow, earth slide, etc.) is a crucial parameter of the proposed method as landslides of different types and sizes usually require different and complementary methods to estimate vulnerability. While the most devastating damage to the built environment probably results from rapid landslides such as debris flows and rock falls, slow-moving slides also have adverse effects to buildings, lifelines and critical facilities (Mansour et al. 2010 ). The damage caused by a slow-moving landslide to a single building is mainly attributable to the cumulative permanent (absolute or differential) displacement and it is concentrated within the unstable "moving" area. A relatively slowmoving earth slide that produces tension cracks due to differential displacement in a RC building exposed to the landslide hazard is considered in this study.
The characteristics of the earthquake ground motion in terms of amplitude, frequency content and duration, in relation to the soil dynamic properties and stratigraphy, can significantly affect the deformation demand on the building. Material damping, impedance contrast between sediments and underlying bedrock and the characteristics of the incident seismic waves are the main governing factors for site amplification/attenuation (Kramer and Stewart 2004; Pitilakis 2010) . The slope-failure potential assumes its highest values for a combination of low-frequency seismic input motion together with a resonance phenomenon in the lowfrequency range (Bourdeau et al. 2004) . In general, a fundamental period of the input earthquake close to the natural period of the site can lead to resonance phenomena and consequently to an amplified energy content of the ground motion.
The position of the building with respect to the landslide area is also an important contributing factor. In contrast to landslides triggered by intense precipitation that are generally uniformly distributed along the slopes, landslides triggered by earthquakes tend to be clustered near ridge crests and hill slope toes. Peng et al. (2009) attributed this ridge crest clustering to topographic effects, and the clustering at hill slope toes to dynamic pore-pressure changes in the water-saturated material of lower hill slopes. Topographic effects may alter the amplitude and frequency of the ground motions along slopes (Bouckovalas and Papadimitriou 2005; Ktenidou 2010) . Moreover, the effect of soil-structure interaction due to the presence of a structure at a cliff can further modify the seismic response at the topographic irregularity with respect to the free-field case (i.e. in the absence of any structure), depending on the soil-structure impedance contrast, the geometry of the slope and the dynamic characteristics of the building itself (Assimaki et al. 2007; Pitilakis and Tsinaris 2010 ). In the current study, RC buildings of different stiffness characteristics standing near the slope's crest, where the seismic ground motion due to topographic effects is generally amplified, are explicitly considered in the analysis.
For a given landslide mechanism and hazard intensity, the typology of the exposed structure is also a key factor. The building's geometry and number of floors, material properties, state of maintenance, code design level, soil conditions and mainly the foundation and structure details are the parameters which determine the capacity of the building to withstand co-seismic landslide displacements. The response to permanent total and differential ground deformation depends primarily on the foundation type. A structure on a deep foundation (e.g. piles) compared to shallow foundations is more resilient and often experiences higher resistance ability and hence a lower vulnerability. For shallow foundations, a rigid foundation, i.e. raft foundation, is less vulnerable than a flexible one, i.e. isolated footings. The relative stiffness of the foundation and the underlying soil is also a dominant parameter. When the foundation system is rigid (e.g. continuous raft foundation) the building is expected to rotate as a rigid body and the anticipated damage or failure is mainly attributed to a loss of functionality. In this case, the damage states are defined empirically, as there is limited additional stress placed on the structural members of the building (apart from possible P-Δ effects at larger rotations). In contrast, when the foundation systems are flexible enough allowing differential movement of the walls or columns (e.g. isolated footings), the various modes of differential deformation produce structural damage (e.g. cracks) to the building members (Bird et al. 2005 (Bird et al. , 2006 .
To derive the vulnerability of a building exposed to seismically induced slow-moving slides, we propose an analytical procedure analogous to that of the response due to seismic oscillation. When a building response to ground failure and permanent ground deformations comprise structural damage, damage states can be classified using the same schemes used for structural damage caused by ground shaking. Limit states can be defined in terms of limit values of a component's strain, based on observation of damage from previous earthquakes, the existing knowledge related to earthquake damage levels, and published tolerances for nonearthquake-related foundation deformations (Crowley et al. 2004; Bird et al. 2005) . Different limit strains are assigned based on the construction quality of the building and the code adopted in the design.
In the probabilistic approach proposed herein, several uncertainties are involved with respect to the capacity of the building, the definition of the limit states and the deformation demand (differential permanent displacement). The uncertainty in the permanent displacement capacity is a function of the material properties, geometric characteristics, and the yield strain of steel and post-yield strain capacities of the steel bars and concrete. The uncertainty in the demand is associated with the ground-motion estimation and additional uncertainties associated with the landslide type and size, the relative position of the building in the landslide area, the variability in soil parameters in space and time during the loading, the stratigraphy, and the epistemic uncertainties associated with assessment of ground deformation.
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Outline of the method Ground deformation demand The conceptual features of the method outlined in the previous section to derive fragility functions for permanent ground deformations due to seismic landslides, is described in detail through an idealized example. The deformation demand in terms of permanent seismic displacements can be estimated either empirically (Newmark 1965; Bray and Travasarou 2007) or numerically. The numerical approach applied herein is selected for two reasons: (a) it is more accurate than any empirical method and (b) it permits the direct estimation of the differential ground displacements, which is the main cause of damage. However, for completeness, the computed total permanent displacements for specific slope configurations, material properties and seismic inputs are compared in the following subsection with the Newmark conventional analytical approach (Newmark 1965 ) and more recent empirical expressions proposed by Bray and Travasarou (2007) .
Numerical analysis
In order to evaluate the permanent differential ground displacements (deformation demand) for the building on a given slope, the dynamic non-linear analyses are performed using the two-dimensional (2D) explicit finite difference code FLAC 6.0 (Itasca 2008). The soil materials are modeled using an elastoplastic constitutive model with the Mohr-Coulomb failure criterion, assuming a zero dilatancy non-associated flow rule. The use of such a simple model within the framework of this study is justifiable, as it allows for more clearly identifying the basic parameters influencing the estimation of the differential displacement potential for the affected building. Besides, it serves as a useful reference against which more complex soil behavior may be compared. Soil strength properties are selected to account for the dynamic ground response. The influence of the initial shear stress in the strength values is directly taken into account. A small amount of mass-and stiffnessproportional Rayleigh damping (1 to 3 %) is also assigned to account for the energy dissipation during the elastic part of the response and the wave propagation. The center frequency of the Rayleigh damping is selected to lie between the fundamental frequencies of the input acceleration time histories and the natural modes of the system. Two different soil types are selected to represent homogenous dry, purely frictional and cohesive materials corresponding to soil category C of EC8 (CEN-European Committee for Standardization 2003); their material, physical and dynamic properties are provided in Table 1 . The static factor of safety of the slope is calculated through a limit equilibrium approach using the Spencer method (Spencer 1967) as Fs=1.45 for the sand and Fs=1.38 for the cohesive soil material. The critical failure surfaces during seismic loading cover a wide range from shallow in the case of sand to relatively deep for the clay material.
The 2D dynamic slope model, schematically illustrated in Fig. 3 , has a total length of 300 m, while the slope height and angle are 20 m and 30°respectively. The elastic bedrock (V s =850 m/s) lies at 100 m. The model is discretized to allow for a maximum frequency of at least 10 Hz to propagate through the grid without distortion. A finer discretization is adopted in the slope area, whereas towards the lateral boundaries of the model, the mesh is coarser. Free-field absorbing boundaries (Cundall et al. 1980 ) are applied along the lateral boundaries, while quiet (viscous) boundaries (Lysmer and Kuhlemeyer 1969) are applied along the bottom of the dynamic model to minimize the effect of artificially reflected waves. In order to apply quiet boundary conditions along the same boundary as the dynamic input, the seismic motions must be applied as stress loads combining with the quiet (absorbing) boundary condition.
A typical building is assumed to be located 3 m away from the slope crest. Two different shallow foundation systems are considered (Table 2) : isolated footings and a uniform-loaded continuous slab foundation. In the first case, the foundation is simulated with concentrated loads at the footings' links. As a consequence, no relative slip and/or separation between foundation and subsoil are allowed. In the second case, the foundation system is modeled as a deformable elastic beam connected to the soil elements' grid through appropriate interface elements that can approximate the potential Coulomb sliding and/or tensile separation of the beam.
Prior to the dynamic simulations, a static analysis is carried out to establish the initial effective stress field throughout the model. Italy, Mw=6.9, 1980; and (6) Duzce (L), Turkey, Μw=7.2, 1999. They all refer to outcrop conditions as is normally proposed in modern seismic codes (i.e. EC8). No specific soil amplification factors are applied, as this is explicitly taken into consideration through the numerical analysis. The records are selected to cover a wide range of seismic motions in terms of the seismotectonic environment, amplitude, frequency content and significant duration. Baseline correction and filtering is also applied to assure an accurate representation of wave transmission through the model. Note that due to the compliant base used in the model, the appropriate input excitation corresponds to an upward propagating wave train that is taken as one-half the outcrop motion (Mejia and Dawson 2006) . Figure 4 presents the normalized elastic response spectra of the input motions, together with the proposed elastic design spectrum of EC8 (CEN-European Committee for Standardization 2003) for soil type A (rock). Young's modulus ( The selected input time histories are scaled to five levels of peak ground acceleration, namely PHGA=0.1, 0.3, 0.5, 0.7 and 0.9 g, in order to assess the building response for different ground differential displacement magnitudes, to allow the evaluation of different damage states for the building and to construct the corresponding fragility curves.
Figures 5 and 6 present the maximum computed values of permanent ground displacement at the slope area in relation to the corresponding differential displacements at the foundation level for the different foundation configurations and soil types. A strong, linear correlation between the two variables is detected in all cases. Thus, differential deformation can be easily determined by the residual maximum slope displacement using an appropriate linear expression. While the maximum calculated slope displacements are found to be of the same order of magnitude for both sand and clay slopes, the resulting differential displacement for the building is strongly reduced for slopes consisting of cohesive soil material, implying that in that case the building is primarily expected to move uniformly as a rigid body rather than to distort differentially. Figures 7 and 8 depict the maximum values of differential displacements for buildings with a flexible and stiff foundation system founded on sand and clay soil respectively. The specific characteristics (frequency content and duration) of the seismic ground motions can significantly affect the magnitude of the computed differential displacement at the foundation level. Moreover, when the soil-structure interaction is considered, the differential horizontal displacements at the beam foundation are practically zero and the total differential displacement vector affecting the building is generally decreased. Comparison with Newmark-type displacement methods Various methods of different complexity have been proposed to evaluate seismic stability of slopes including limit-equilibrium pseudo-static methods, displacement-based methods (rigid block, decoupled and coupled models) and advanced stress-strain numerical approaches.
To check the FLAC numerical results, we compared the numerical results in terms of maximum permanent horizontal displacement along the unstable slope area with the Newmark-type displacement methods. The conventional analytical Newmark rigid block model (Newmark 1965 ) and the recent coupled stick-slip deformable sliding block model (Bray and Travasarou 2007) are used to calculate permanent displacements of the slide mass. We compare only the maximum permanent horizontal displacements derived from the dynamic analysis for flexible foundations with isolated footings, which proved to be very close to the free field conditions. Additional analyses were conducted with FLAC to compare the maximum permanent ground displacements in the absence of any structure. The analyses yield an average difference of 2.0 % on the computed maximum values of the permanent horizontal ground displacement, which is practically insignificant.
Newmark's method treats the potential landslide mass as a rigid block (no internal deformation) that slides in a perfectly plastic manner on an inclined plane. This assumption is reasonable for relatively thin landslides in stiff or brittle materials but it introduces significant errors as landslides become thicker and material becomes softer (Jibson and Jibson 2003) . The block is assumed to have a known yield or critical acceleration, k y , which is actually the threshold base acceleration required to overcome the shear resistance of the slope and initiate movement. The cumulative permanent displacements have been calculated according to Jibson and Jibson (2003) . Bray and Travasarou (2007) developed a simplified seismic displacement procedure based on a one-dimensional multi-degree of freedom non-linear coupled stick-slip model (Rathje and Bray 2000) to represent the behavior of an idealized sliding mass. The method captures the primary influence of the system's yield coefficient (k y ), its initial fundamental period (T s ), and the ground motion's spectral acceleration at a degraded period equal to 1.5 T s .
The horizontal yield coefficient, k y , has been computed for both methods via a pseudostatic slope stability analysis using the Spencer method of slides (Spencer 1967 ) that satisfied full equilibrium. The k y values are estimated as 0.16 and 0.15 for the 30°i nclined slopes consisting of sand and clay soil material, respectively.
The initial fundamental period of the sliding mass (T s ) has been estimated using the simplified expression: T s =4H/V s , where H is the height and V s is the shear wave velocity of the potential sliding mass. Different critical average heights H of the landslide mass have been evaluated for slopes consisting of sand (H=2 m) and clay material (H=10 m) respectively, by means of the pseudostatic slope stability analysis, based on the most critical sliding surfaces.
The input motion for the application of the Newmark-type displacement based methods (i.e. acceleration time history, spectral acceleration at 1.5 T s ) is defined and computed at the depth of the sliding surface through a 1D non-linear site-response analysis of a 1D soil profile at the section that corresponds to the calculated critical slide mass thickness of the slope.
The results of the above methods are summarized in Figs. 9 and 10 for sand and clay slopes, respectively, and they are compared with the co-seismic numerical displacements calculated herein. The Newmark rigid block approach is found to underestimate the computed displacements. This is relevant, considering that the method is based on the inherent assumption that the slide mass behaves as a non-compliant rigid block. The results of the fully coupled stick-slip deformable sliding block model introduced by Bray and Travasarou (2007) are generally in good agreement with the results of the dynamic analysis. However, a poorer match in the prediction of slope displacements for clayey soil is observed compared to sandy soils. This may be attributed to the more ductile and non-linear behavior of the slide mass in the case of the clay slopes, owing to the deeper critical sliding surfaces. Thus, the compliance of the failure surface that is captured in a simplified way in Bray and Travasarou model allows for some bias to be introduced in the results. In both methods, a large scatter on the predicted residual displacements is generally detected.
Building response analysis
The analysis of the building is conducted using SeismoStruct (Seismosoft 2010) , which is capable of calculating the large displacements of space frames under static or dynamic loading, taking into account geometric nonlinearities and material inelasticity. The code is widely and successfully used in structural earthquake engineering. Both local (beam-column effect) and global (large displacements/rotations effects) sources of geometric nonlinearity are automatically taken into account. Distributed elements are used based on the so-called "fibre approach" to represent the cross-section inelastic behaviour, where each fibre is associated with a uniaxial stress-strain relationship. The sectional stress-strain state of beam-column elements is then obtained through the numerical integration of the nonlinear uniaxial stress-strain response of the individual fibres (typically 300-400) in which the section has been subdivided. In displacementbased (DB) finite element formulation using nonlinear models, structural elements should be subdivided into a number of segments (typically 4 to 5) and the delimiting sections follow the Navier-Bernoulli approximation (plane sections remain plane). In the present analysis, the frame sections have been discretized into 300 fibres and the structural members into four elements. Nonlinear static time-history analyses are performed for all numerical simulations. The differential permanent displacement curves, directly extracted from the FLAC dynamic analysis, are statically imposed at one of the RC frame supports.
The studied buildings (Fig. 11) are single-bay-single-storey RC bare-frame structures with two foundation types: a flexible-foundation system (isolated footings) and a stiff but not completely rigid foundation system (continuous uniformly loaded foundation of finite stiffness characteristics). The beneficial contribution of masonry infill walls to the building capacity is not considered in this study. typical values for residential buildings. The longitudinal section reinforcement degree used is 1 % for the columns and 0.75 % for the beams. The use of single-bay-single-storey structures is justified from the observation that the number of storeys and bays do not appear to be crucial parameters in determining the building's performance when subjected to permanent ground displacements. The latter is also discussed in Bird et al. (2005) and Negulescu and Foerster (2010) for the vulnerability assessment of RC buildings due to differential settlement. Hence, one-bay-one-storey RC structures, despite their simplicity, are found to adequately represent the performance of real low-rise RC frame buildings.
The material properties assumed for the members of the reference RC buildings are described below. A uniaxial nonlinear constant confinement model (Fig. 12a) is used for the concrete material (f c =20 MPa, f t =2.1 MPa, strain at peak stress 0.002 mm/mm, confinement factor = 1 for unconfined and 1.2 for confined concrete, specific weight=24 KN/m 3 ), assuming a constant confining pressure throughout the entire stress-strain range (Mander et al. 1988) . For the reinforcement, a uniaxial bilinear stress-strain model with kinematic (Fig. 12b) A sensitivity analysis is performed for the reference buildings, which allows us to identify the influence of different parameters on the structural response and to develop a probabilistic framework for damage estimation. The parameters selected to vary are the following: yield strength of steel (f y =210, 400, 500 MPa), compressive (f c = 16, 20, 30 MPa) and tensile (f t =2.0, 2.1, 3.0 MPa) strength of concrete, reinforcement ratio (ρ=0.8, 1, 1.2 % for columns and ρ=0.55, 0.75, 0.95 % for beams) and confinement factor (1.0, 1.2, 1.3). The analyses are conducted for progressively increasing levels of differential displacements provided by the computed dynamic stress strain analysis for increasing amplitudes of input acceleration time histories. The yield strength of steel material is proved to be the most influential factor for both buildings with stiff and with flexible foundations.
The deformed shapes of buildings with flexible foundation system are essentially the same irrespective of the variability in the strength parameters and the level of the displacement demand in terms of imposed differential ground deformations, an observation that is in accordance with Bird et al. (2005) . The same trend is observed for the buildings with a stiff foundation (Fig. 13) . In both building typologies, column failure is detected. The reason is that the axial stiffness of the beams is generally much higher compared to the flexural stiffness of the columns. Moreover, in the case of buildings with flexible foundations, the applied differential displacement vector is mainly governed by the horizontal component that governs the deformation mode (Fig. 13a) . On the contrary, in buildings with a stiff foundation system, the applied displacements are practically vertical (Fig. 13b) . The inclination of the applied differential permanent displacement thus constitutes a fundamental parameter in determining the deformed shape of the building when subjected to a permanent displacement at the foundation level.
Fragility curves
Analytical fragility curves are derived for low-rise (single-baysingle-storey) RC buildings with varying stiffness of the foundation system founded in the vicinity of a slope consisting of two different soil materials: a typical sand and a typical clay. Each curve provides the conditional probability of exceeding a certain limit or damage state under a range of seismically induced landslide events of given type and intensity. The landslide intensity is expressed in terms of peak horizontal ground acceleration (PHGA) at the seismic bedrock that is the initial triggering force of the slow-moving slide. This will result in permanent differential displacements at the foundation level.
Definition of limit states
In order to identify the building performance in terms of damage and to construct the corresponding fragility curves, a damage index is introduced, describing the steel and concrete material strains. Within the context of a fibre-based modelling approach, as implemented in SeismoStruct, material strains usually constitute the best parameter for identifying the performance state of a given structure (Seismosoft 2010) . In all cases analyzed (540 in total), the steel strain (ε s ) yields more critical results. Thus, it was decided to adopt only this parameter as a damage index. In this way, it is possible to establish a relationship between the damage index (ε s ) and the input motion intensity in terms of the PHGA values at the seismic bedrock, for different building typologies and consequently to assign a median value of PHGA to each limit state. Figure 14 presents median PHGA-damage index curves for lowrise, "high code" designed RC frame buildings with stiff and flexible foundation systems resting close to the crest of the sand and clay slopes, respectively. The next step is the definition of the damage or limit states. Based on the work of Crowley et al. (2004) and Bird et al. (2005 Bird et al. ( , 2006 ) and engineering judgment, four limit states (LS 1 , LS 2 , LS 3 and LS 4 ) are defined. Considering that 'low code" RC buildings are poorly constructed structures characterized by a low level of confinement, the limit steel strains needed to exceed post-yield limit states should have lower values compared to "high code" properly constructed buildings. As a consequence, we decided to adopt different limit state values to derive exceedance of extensive and complete damage for "low code" and "high code" frame RC buildings. A qualitative description of each damage state for reinforced concrete frames is given in Table 3 , while the limit state values finally adopted are presented in Table 4 . They describe the exceedance of minor, moderate, extensive and complete damage of the RC building. The 
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Landslides 10 & (2013)first limit state is specified as steel bar yielding that is the ratio between yield strength and modulus of elasticity of the steel material. For the rest, mean values of post-yield limit strains for steel reinforcement are suggested, as shown in Table 4 .
Construction of the fragility curves
To construct the fragility relationships, for buildings subjected to differential permanent displacements due to seismically triggered slow-moving slides, appropriate cumulative distribution functions, as the ones proposed in HAZUS (NIBS 2004) have been generated. In this method, the probability of exceeding a given limit state SLi, of the structural damage, for a given peak horizontal ground acceleration PHGA, is modeled as:
where:
is the standard normal cumulative distribution function, PHGA i is the median value of peak ground acceleration at which the building reaches the limit state, i, and β i is the standard deviation of the natural logarithm of peak ground acceleration for limit state, i.
The median values of peak horizontal ground acceleration that correspond to each limit state can be defined for the threshold values of the damage indexes as the values that correspond to the 50 % probability of exceeding each limit state. The standard deviation values (β) describe the total variability associated with each fragility curve. Three primary sources contribute to the total variability for any given damage state (NIBS 2004) , namely the variability associated with the definition of the limit state value, the capacity of each structural type and the demand (seismic demand, landslide type, relative position of the structure in relation to the landslide). The uncertainty in the definition of limit states, for all building types and limit states, is assumed to be equal to 0.4, while the variability of the capacity is assumed to be 0.3 for "low code" and 0.25 for "high code" buildings (Crowley et al. 2004; Bird et al. 2006; NIBS 2004) . The last source of uncertainty, associated with the demand, is taken into consideration through a convolution procedure, i.e. by calculating the variability in the results of numerical simulation (in terms of maximum steel strain) carried out in Seismostruct for the computed differential displacement time histories. It should be mentioned that this variability is different for the two building types. In particular, it is higher for buildings with flexible foundation systems. The total uncertainty is estimated as the root of the sum of the squares of the component dispersions. The median (expressed in terms of peak horizontal ground acceleration PHGA) and beta values of each limit state for buildings with flexible and stiff foundation systems located near the crest of a sand and clay slope are shown in Table 5 . Figure 15 illustrates the derived sets of fragility curves for different building configurations and soil types. "High code" designed RC structures are considered in this study. Similar fragility relationships, that are generally associated with a more rapid transition from low levels of damage to collapse, could also be constructed for "low code" structures.
Discussion
As expected, a building with a stiff foundation system would sustain less damage due to earthquake-induced slow-moving slides, compared to the same building with a flexible foundation system. The soil type (dry sand or clay in our case) is also shown to play a significant role in assessing the vulnerability of buildings standing near the crest of potentially precarious slopes. Buildings with the same structural and stiffness characteristics located on slopes of cohesive material behave better compared to sandy slopes when subjected to differential deformation. More specifically, for the same level of landslide intensity, structures located on sand slopes exhibit minor and moderate damages for the case of stiff foundations, compared to minor, moderate, extensive and complete damages for the case of flexible footings. Structures on clay slope are far less vulnerable; they would suffer minor damage and minor and moderate damage for buildings with stiff and flexible foundation systems, respectively.
It should be noted that only the structural damage of the building members is considered in this research. The total damage (structural and non-structural) will be quite different (certainly larger) in case of the building with a stiff foundation, as a considerable amount of damage may be attributed to the rotation of the whole building as a rigid body. In the latter, the damage can only be defined using empirical criteria and expert opinion (Bird et al. 2005) . Furthermore, the complex issue of combined damage due to ground shaking and ground failure has not been taken into account in the evaluation of the building's vulnerability. Thus, no strength or stiffness degradation to the building's structural members due to the effect of ground shaking is assumed to occur. Neither are aging effects such as reinforcement corrosion considered in the present study. It is implicitly assumed that the maintenance of the building is conducted in an optimal manner. The authors are planning to include these effects in a future work.
Moreover, the influence of groundwater in altering the slope's seismic response and the extent of ground and foundation irreversible deformation and consequently the expected structural damage of the building is not investigated herein. More research is needed aiming at the production of fragility curves that account for saturated soil conditions and the variation of water level.
The reliability and accuracy of the proposed method was assessed using a reference RC building located near the crown of (Mw=6.4) earthquake (Margaris et al. 2010; Athanasopoulos G., personal communication 2010) . Both the structure and slope configuration were realistically reproduced using non-linear constitutive models to prove the validity of the developed methodological framework. The proposed fragility curves adequately captured the performance of the representative RC building affected by the slope co-seismic landslide differential displacement (Fotopoulou et al. 2011) .
Conclusions
An analytical method has been presented to assess the physical vulnerability of RC buildings subjected to earthquake-induced slow-moving earth slides. The vulnerability is expressed in terms of fragility relationships, which are derived through numerical and statistical analysis for different soil types, slopes geometries, location of the building relative to the landslide mass and structural characteristics. The proposed approach has been implemented for low-rise RC frame buildings with two different foundation systems, isolated footings and continuous foundation, and two soil conditions, namely dry sand and clay. Various uncertainties, related to the capacity of the building, the deformation demand and the definition of limit states have been incorporated in the analysis. In general, it has been observed that RC buildings with stiff foundation system on clay slopes would be less vulnerable among the building typologies and soil conditions examined. With the proposed fragility curves, it is possible to evaluate the physical vulnerability of RC buildings subjected to earthquake induced slow-moving slides. Knowing the outcrop ground acceleration from an appropriate seismic hazard analysis or code prescriptions, soil properties, slope geometry, location of the building relative to the landslide zone and the characteristics of the exposed building (geometrical, strength and stiffness of the foundation and the structure), one could select and make use of the appropriate set of fragility curves to assess the expected damage state of the building. Further validation of the fragility curves with well-documented case histories is desirable to enhance their effective implementation within a probabilistic risk assessment study.
The derived fragility curves are valid only for the specific combination of geometry, material properties and limit states used herein; their use for other geometric configurations and site conditions should be made with caution. In order to derive generic fragility functions for the assessment of the seismic risk and to design appropriate mitigation measures at building or aggregate scale, an extensive numerical parametric analysis considering various building typologies, slope configurations and soil properties should be carried out. Such analysis is currently underway.
